Benign epilepsy with centrotemporal spikes (BECT) is the most common childhood idiopathic focal epilepsy syndrome, which characterized with white-matter abnormalities in the rolandic cortex. Although diffusion tensor imaging research could characterize whitematter structural architecture, it cannot detect neural activity or white-matter functions.
sensorimotor cortex. Although the epileptogenic zone of rolandic spikes originates from the rolandic cortex surrounding the central fissure, it can also lead to disturbances of the cortical and subcortical circuitry (Bouma, Bovenkerk, Westendorp, & Brouwer, 1997; Cao et al., 2017) . As the white matter is the structural basis of the conduction of rolandic spikes, it can be hypothesized that the rolandic spikes also damaged the white matter. Recently, Ciumas et al. (2014) demonstrated aberrant white-matter microstructure in the precentral and postcentral gyri using the diffusion tensor imaging (DTI). Cao et al. (2017) indicated reduced white-matter integrity between the corpus callosum and primary sensorimotor cortex in BECT. These neuroimaging studies provided evidence of structural abnormalities in the white matter to support this hypothesis. However, they failed to uncovered dysfunction of the white matter and functional relationship between white-matter networks in BECT.
To date, DTI has been widely used to characterize the structural architecture of the white matter; however, it is unsuitable for the detection of the neural activity and brain functions inside the white matter. Functional magnetic resonance imaging (fMRI) based on blood oxygen level-dependent (BOLD) signals is an effective technique to uncover the neural activity and relevant functions of the gray matter in neuropsychology and clinical neurological diseases (Chen, Liu, et al., 2017; Dong et al., 2018; Duan et al., 2015; Jia et al., 2018; Zhong et al., 2018) . Recently, greater attention focused on the detection of neural activation and functional organization in the white matter by using the fMRI (Ding et al., 2018; Fabri & Polonara, 2013; Fabri, Polonara, Mascioli, Salvolini, & Manzoni, 2011; Gawryluk, Mazerolle, Brewer, Beyea, & D'Arcy, 2011; Gawryluk, Mazerolle, & D'Arcy, 2014; Marussich, Lu, Wen, & Liu, 2017; Peer, Nitzan, Bick, Levin, & Arzyt, 2017) . For example, the white-matter functional activation has been observed in multiple tasks including perceptual, language, and motor tasks (Fabri et al., 2011; Fabri & Polonara, 2013; Gawryluk et al., 2011; Gawryluk et al., 2014) . Ding et al.'s (2018) studies indicated that the white matter is involved in neural coding and information processing. Marussich et al. (2017) demonstrated that fMRI signals in the white matter contained functional information related to brain activity and connectivity at resting state. Peer et al. (2017) uncovered the intrinsic functional organization in the white matter. These studies provided accumulated evidence for the existence of functional brain activity in the white matter. Furthermore, a recent study found that the functional connectivity (FC) in the white matter is associated with the underlying pathological mechanisms in schizophrenia ) and Parkinson's disease (Ji et al., 2019) . These studies suggested that it is feasible to investigate the white-matter dysfunctions in BECT by fMRI.
Although previous research demonstrated the existence of whitematter functional networks and verified their reliability and reproducibility (Ding et al., 2018; Gawryluk et al., 2014; Ji, Liao, Chen, Zhang, & Wang, 2017; Marussich et al., 2017; Peer et al., 2017) , it may not be sufficient to fully characterize the white-matter FC. First, the frequency band effect on white-matter FC remained unclear. Previous studies have demonstrated that traditional full frequency band (0-0.25 Hz) could be subdivided into several bands, and distinct frequency bands may reflect differential physiological properties and specific-disorder alterations (Cha, Zatorre, & Schonwiesner, 2016; Duan et al., 2017; Palva & Palva, 2012) . Second, the interactions between gray-matter and white-matter networks have not been fully characterized. Because different gray-matter areas are structurally connected by white-matter networks, suggesting that the relationship between gray matter and white matter may be a multilevel network architecture Zhang et al., 2011) .
Thus, except the traditional FC which measures the direct temporal synchronism between two white-matter networks, this study also employed a novel method of functional covariance connectivity (FCC) to estimate the covariant relationship between two white-matter networks based on their correlations with multiple gray-matter regions. We hypothesized that the FCC can capture a complex information interactions whitematter and gray-matter regions. Finally, many neurological disorders including epilepsy, Parkinson's, and Alzheimer's diseases are characterized by white-matter impairments (Bohnen & Albin, 2011; Caso et al., 2015; Xue et al., 2014) . Thus, investigation of the white-matter functional networks in brain disorders may contribute to understanding the pathological mechanism and white-matter functions.
In this study, resting-state fMRI data were collected from 24 newonset drug-naive (unmedicated [NMED] ), 21 medicated (MED) BECT patients, and 27 healthy controls (HC). First, based on voxel-by-voxel correlation patterns, an identified clustering analysis was performed within the white matter to obtain several white-matter functional networks. Second, we subdivided the full frequency range into four bands according to previously defined. Subsequently, the traditional FC and FCC were calculated in each frequency band. Finally, by separate comparisons of the white-matter FC among the three groups, we linked the functional disturbances of white matter with the pathological mechanism in BECT.
| METHODS

| Participants
In this study, 24 unmedicated patients with BECT (NMED group, 10 females and 14 males; age: 9.40 ± 2.02 years) were newly diagnosed and did not receive antiepileptic drugs. Twenty-one MED patients with BECT (MED group, 9 females and 12 males; age:
9.64 ± 1.76 years) received monotherapy with valproic acid or Routine clinical EEG recordings were obtained for all patients. Leftsided spikes were observed in 15 patients (six MED and nine NMED), right-sided spikes were observed in 11 patients (seven MED and four NMED), and bilateral spikes were observed in 19 patients (8 MED and 11 NMED) . A sample of 27 healthy subjects (HC group, 10 females and 17 males; age: 10.00 ± 3.74 years) were also included in this study as a control group. All the healthy subjects confirmed that they had no history of psychiatric and/or neurological disorders. There were no significant differences in the age and gender among the three groups ( Table 1) . The participant's information were obtained from subjects and her/his parents. The study was reviewed and approved by the Ethics Committee of the Affiliated Hospital of North Sichuan Medical College, and written informed consent was obtained from all the subjects. Then, 21 of the 45 BECT patients have been previously reported in a prior article which examined FC between two intrinsic gray-matter networks of default mode network and task positive network (Luo et al., 2016) . And 43 of the 45 BECT patients have been previously reported in a prior article which investigated the asymmetry measured by interhemispheric gray-matter functional connection (Cao et al., 2017) . Other than these previous articles, the current study focused on white-matter dysfunctions measured by a novel methodology.
| Image acquisition
Imaging data were collected using a 3-Tesla MRI scanner (GE DISCOVERY MR750) with an eight-channel standard whole head coil. High-resolution T1-weighted images were obtained by using a three-dimensional fast 
| Data preprocessing
Similar with our previous study , the fMRI preprocessing steps included as follows: (a) As FC is sensitive to head motion, we analyzed the group-level headmotion differences among the three groups using analysis of variance (ANOVA). Seven indices (x, y, and z mean translation and rotation and mean FD) were used to measure the head motion. Results showed no differences of head motion among three groups.
| Clustering analysis on the fMRI data to obtain the white-matter networks
The clustering strategy refers to our previous study and had three steps (Figure 1a ).
The first step was to obtain an unified group-level white-matter mask based on high-resolution T1-weighted images. In detail: (a) for each subject, the T1-weighted image was segmented into white matter, gray matter, and CSF, and then normalized to the MNI template. (b) For each voxel, it was identified as white matter, gray matter, or CSF according to its maximum probability from above segmentation results. This generated three masks of white matter, gray matter, and CSF for each subject.
(c) We averaged these masks across all the subjects, and thus obtained a percentage of subjects that were classified as white matter or gray mat- (threshold = 25%) were removed from the group-level white-matter mask to further correct the deep brain structures (Lorio et al., 2016; Peer et al., 2017; Wonderlick et al., 2009) . (e) Finally, the group-level whitematter mask was coregistered to the functional space and resampled a same voxel size with fMRI images. This white-matter mask consisted of 17,716 voxels. In addition, a gray-matter mask was also obtained using the same procedures. There was no overlapped area between whitematter mask and gray-matter mask.
The second step applied the K-means clustering algorithm to obtain white-matter spatial networks. (a) To reduce the computational complexity, the 17,716 voxels within the white matter were subsampled to 4,426 nodes based on an interchanging grid strategy (Craddock, James, Holtzheimer, Hu, & Mayberg, 2012) . The third step is used to evaluate the stability of the K (the number of clusters). (a) We randomly divided the averaged connectivity F I G U R E 1 Framework of white-matter functional network clustering analysis (a). First, the raw T1 was segmented into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF), and then normalized to the MNI space. The subject-level GM, WM masks were obtained based on maximum probability of each voxel and subsequently averaged to identify a group-level WM mask. Second, raw fMRI were preprocessed, and time series of 17,716 voxels were extracted from WM mask. Third, 17,716 voxels were subsampled to 4,426 nodes to reduce computational complexity. Pearson's correlation coefficient between each voxel and each node was calculated, and this resulted in a 17,716 × 4,426 correlation matrix for each subject. A K-means clustering analysis (distance metric correlation, 10 replicates) was performed on the averaged correlation matrix across all subjects. Finally, we randomly divided the averaged connectivity matrix (17,716 × 4,426) into four folds (17,716 × 1,106). The same clustering computation was performed on each fold separately. This resulted in four clustering results. By measuring the similarity of the clustering results between any two folds using Dice's coefficient, the stability of clusters were evaluated. 
| Decomposing the BOLD time series in different frequency bands
Previous studies have shown that the low frequency range could be subdivided into several bands and specific frequency bands may carry specific properties or physiological functions (Cha et al., 2016; Duan et al., 2017; Palva & Palva, 2012) . Here, we subdivided the low frequency range into four bands according to previously defined 
| FC of white-matter networks
Conventional FC was used to measure the relationship between two white-matter networks. For each subject, the Pearson's correlation coefficient between the average time courses of any two whitematter networks was computed and transformed to the Fisher z score.
In addition, we employed an FCC method, which is based on the idea of "correlation of correlations," to estimate the covariant relationship between two white-matter networks based on their correlations with multiple gray-matter regions. First, gray-matter regions (n = 96)
were defined according to the Harvard-Oxford gray-matter atlas (Desikan et al., 2006) . The gray-matter mask was used as a restriction for gray-matter voxels. Only the time series within the intersection between gray-matter mask and Harvard-Oxford atlas were extracted. Second, the Pearson's correlations were calculated between each white-matter network and each gray-matter region, and this obtained a K × 96 correlation matrix (K is the number of white-matter networks). Third, the FCC was estimated between any two white-matter networks, and this generated a K × K FCC matrix.
The FCC ij is defined as follows: The FCC value was further transformed to the Fisher z score. A flowchart of FCC calculation is shown in Figure 1b .
In addition, the differences between FCC and FC may be several points. First, a fundamental difference may come from its definition.
Since FCC is the correlation of FC profiles, it may magnify the subtle differences, and contribute to the distinction between healthy and diseases (Zhao, Zhang, Rekik, An, & Shen, 2018) . Second, the FC is the correlation between BOLD signals of two regions, so it could only reflect information from two limited regions (i.e., one-to-one information flow). In contrast, by integrating the information from many regions, the FCC carries complex information interaction (i.e., one-tomany-to-one information flow). Third, since FCC is calculated indirectly rather than directly using BOLD time series, FCC may be not easily altered by noise and artifacts . Because in FCC calculation, this noise contaminated FC may be only one element of the FC profiles. In spite of these advantages of FCC, we also recognized that FC is one of the most useful methods for fMRI studies. We considered that FCC and FC are complementary and contributed to the interpretation in fMRI studies. In this study, for each subject and each frequency band, both FC and FCC were calculated and used for the following statistical analysis.
| Statistical analysis
One-sample t tests were first performed to determine the significant FC and FCC for each group and each frequency band. The Bonferroni correction was used for the multiple comparisons correction. Subsequently, for these significant FC and FCC, ANOVA and post hoc analysis were used to compare the differences among the NMED, MED, and HC groups, with the Sidak correction for the multiple comparisons correction (Abdi, 2007) .
3 | RESULTS
| White-matter functional networks
In this study, we evaluated the stability of the number of white-matter networks by the Dice's coefficient. The results showed that the K = 13 is the largest number with a high stability (Dice's coefficient Table 2 ). Interestingly, the WM12 located at the bilateral superficial white-matter area under the rolandic cortex. In the band Slow-2, no significant group effect was observed by the ANOVA (Figure 3b ).
In the band Slow-3, the ANOVA found two FCs (WM2-WM12 Previous studies provided both structural and functional evidences of the abnormalities in the rolandic and sensorimotor areas in BECT. For example, larger cortical gray matter volumes of sensorimotor cortices were observed in children with BECT compared to HC (Kim et al., 2015; Luo et al., 2015) . DTI studies found reduced fractional anisotropy in the bilateral primary sensorimotor regions (Cao et al., 2017; Ciumas et al., 2014) . Resting-state fMRI studies also reported reduced FC in the Rolandic areas (Luo et al., 2015) . Ji, Yu et al. (2017) found decreased connectivity strength and regional efficiency in the peri-Rolandic areas by applying graph theoretical analysis on fMRI. Recently, Li et al. (2017) reported decreased functional variability in the sensorimotor-related circuitry by a dynamic FC analysis.
The current study supported and extended previous findings of the abnormalities in the rolandic from the perspective of the white-matter dysfunction. The enhanced FC in the white matter may suggest an excessive information transmission within the white matter and may be a possible basis that explains the deficits of the rolandic cortex in
BECT. In addition, we observed a reduced FC in the white-matter dorsal frontal network, which may be responsible for the cognitive impairments emerged in BECT patients (Adebimpe, Bourel-Ponchel, & Wallois, 2018) .
Although previous studies have provided valuable findings on brain abnormalities in children with BECT, most of these studies recruited chronic and MED patients with BECT, which may introduce Previous studies have demonstrated cumulative medication exposure could significantly affect brain activation and connectivity in both anatomical and functional neuroimaging studies (Datta et al., 2013; Yang et al., 2012; Yang et al., 2013; Zeng et al., 2015) . Hence, investigation on the new-onset drug-naive NMED patients and MED patients can provide naive information to the neurobiology of BECT and can also evaluate the effect of anti-epilepsy drugs. Similar with a previous study investigating the local regional homogeneity changes in newonset versus chronic BECT (Zeng et al., 2015) , the current study found that most changes in the new-onset drug-naive NMED BECT patients were normalized in the MED group, suggesting that antiepileptic medication may reverse this aberrant connectivity and even reach a normalized level when compared with healthy subjects. However, these interpretations from cross-sectional findings required further confirmation in future longitudinal research.
Frequency-specific functional alterations within gray matter have been widely observed in cognitive processes and brain diseases (Martino et al., 2016; Wang et al., 2017; Yu et al., 2014 ). In the current study, the frequency effect of the white-matter dysfunction associated with BECT could be understood from three points. First, the frequency sub-bands contained all of the BECT alterations in the full frequency band but characterized more differences . This suggested that the application of frequency division could excavate more disease-related functional information within white matter. Second, most of alterations were not shared across subbands, which implied a frequency-dependent dysfunction connectivity of brain white matter in each sub-band . Third, more differences were observed in the frequency band of Slow-3 and Slow-4, suggesting a correspondence between specific frequency and certain disease (Zhao, Tang et al., 2018; Zhou, Huang, Zhuang, Gao, & Gong, 2017) . These inferences still need to be verified in future studies to elucidate frequency-specific network organization mechanism.
Overall, these frequency-specific findings were consistent with recent perspective of brain networks had distinctive intrinsic frequency (Gohel & Biswal, 2015; Siegel, Donner, & Engel, 2012) , which provide a new perspective to decoding complicated brain network from the way of frequency.
While considerable research has used temporal coupling of BOLD signals (i.e., FC) to reveal information exchange among brain areas Jiang, Luo, Gong, Peng, et al., 2018; Zhu et al., 2018) , rich high-order information interactions such as dynamic Hutchison et al., 2013; Klugah-Brown et al., 2018) , causal Jiang, Luo, Li, Duan, et al., 2018) , hierarchical (Smith et al., 2013) , and many-to-many (Pessoa, 2014) have not been fully explored yet. To characterize a complex relationship between white-matter and gray-matter regions, this study measured the functional resemblance between any two white-matter networks based on their connectivity profiles with gray-matter regions. Using the straightforward approach, we further found new disease-related alterations such as WM2-WM13, WM8-WM13, and WM4-WM7.
Since FCC focuses on the topographical FC patterns rather than original BOLD temporal correlations, potential information could be revealed . This result suggested that the similarity of the topographical FC profiles may provide effective detection of additional biomarkers in clinical neuroscience applications.
Several limitations should be considered when interpreted these findings. First, although it remains unknown about what functional organization in the white matter represents in terms of physiological signification (Gawryluk et al., 2014) , these findings from white matter may add an additional route to uncover the brain mechanism in health and diseases. Second, since the foundations of white-matter fMRI are unclear, some methodological issues such as head motion, respiration, and other artifacts should be further addressed in future work. Third, another shortage of this study includes the relative small sample size and the difference of the illness duration between two patient groups.
A larger sample is needed to verify the reliability and reproducibility in the future. Fourth, additional neuropsychological tests are needed to evaluate the association between the white-matter alterations and cognitive impairments.
| CONCLUSION
This study extended abnormalities of rolandic area from the perspective of white-matter dysfunction in BECT. The increased white-matter FC may suggest an excessive information exchange under the rolandic area and the reduced FC in frontal area may be responsible for the cognitive impairments. Furthermore, most changes in the new-onset drug-naive NMED BECT patients were normalized in the MED group, suggesting that antiepileptic medication could reverse aberrant connectivity and even reach a normalized level. In addition, diseaserelated white-matter FCs exhibited frequency-specific properties, which suggests a correspondence between specific frequency and certain disease. Finally, a straightforward metric by measuring the similarity of the topographical FC profiles could provide more effective detection of additional brain dysfunctions in BECT. In general, these findings provided further support on the existence of white-matter functional networks, and extended the understanding of white-matter impairments and pathological mechanism in abnormal brain.
